MoAlB is a potential candidate for high-temperature application since a dense, adherent alumina scale is formed. While, based on X-ray diffraction investigations, the formation of phase pure orthorhombic MoAlB coatings is observed, energy dispersive X-ray spectroscopy carried out in a scanning transmission electron microscope reveals the presence of Al-rich and O-rich regions within the MoAlB matrix. The oxidation kinetics of coatings and bulk is similar to the scale thickness formed on the MoAlB coating after oxidation at 1200 • C for 30 min is similar to the one extrapolated for bulk MoAlB. Furthermore, the oxidation kinetics of MoAlB coatings is significantly lower than the one reported for bulk Ti 2 AlC. Finally, the elastic properties measured for the as-deposited coatings are consistent ab initio predictions.
Introduction
The synthesis of orthorhombic bulk MoAlB was reported by Rieger et al. in 1965 [1] . Kota et al. studied the oxidation behavior of bulk MoAlB produced by hot pressing from MoB and Al powders at 1200 • C for 5 h [2] . Xu et al. studied the oxidation behavior of bulk MoAlB synthesized in a three-step process of MoAlB powder synthesis at 1100 • C, etching of surplus Al, followed by hot pressing at 1600 • C to increase the density. It was shown that a dense, protective, and adherend alumina scale is formed on bulk MoAlB after cyclic oxidation at 1600 • C for a total of 50 h [3] . Shi et al. oxidized needle-shaped and plate-like MoAlB single crystals and inferred from the difference in average weight loss that the oxidation behavior is anisotropic [4] . While the application at high temperatures of most transition metal borides is hampered by their limited oxidation resistance above 1200 • C [5, 6] , MoAlB forms a protective Al 2 O 3 layer [2] , and was reported to be capable of self-healing [7] and hence, holds great promise as a high-temperature material [2, 3, 7, 8] .
Here, we report the synthesis of orthorhombic MoAlB coatings for the first time and compare the oxidation behavior at 1200 • C to literature reports for bulk material [7, 8] and Ti 2 AlC [9,10].
Materials and Methods

Experimental Methods
MoAlB coatings were synthesized by combinatorial DC magnetron sputtering [11] using a two target setup. The depositions were carried out in a lab-scale sputtering system [12] . A compound MoB (2" diameter, Plansee Composite Materials GmbH, Lechbruck am See, Germany) and an elemental Al 
Theoretical Methods
Density functional theory (DFT) [16] calculations implemented within the Vienna ab initio simulation package (VASP) [17, 18] were performed to calculate the elastic moduli of MoAlB. Generalized gradient approximation (GGA) parametrized by Perdew, Burke, and Ernzerhof (PBE) [19] was used with projector augmented wave potentials [20] . Reciprocal space integration using the Monkhorst-Pack scheme [21] as well as the tetrahedron method for total energy using Blöchl-corrections [22] were employed for the calculations. The used k-point grid was 8 × 8 × 8 for a unit cell containing a total of 12 atoms. Electronic relaxation convergence and energy cut-offs were 0.01 meV and 500 eV, respectively. For the determination of elastic constants, the formalism described by Ravindran et al. [23] was used. Approximations of Reuss [24] , Voigt [25] , and Hill [26] were applied to estimate the shear modulus G and bulk modulus B. The Young's modulus E is calculated from Equation (1).
Results and Discussion
Structural and compositional data obtained along the Al concentration gradient of the composition spread in the MoAlB coating are presented in Figure 1 and Table 1 , respectively. The diffraction data ( Figure 1a ) determined for the Al-rich coating with Mo/Al = 0.73 and Mo/B = 1.04 was consistent with a phase mixture of orthorhombic MoAlB and hexagonal AlB 2 . All diffraction data determined for the coating with close to the stoichiometric composition of Mo/Al = 0.93 and Mo/B = 0.87 provide evidence for the formation of phase pure orthorhombic MoAlB (Figure 1b ). The diffraction data for the Al-deficient coatings with Mo/Al = 1.38 and Mo/B = 0.83 can be attributed to the formation of hexagonal α-MoB 2 in addition to the MoAlB phase ( Figure 1c ). It may be speculated that the changes in preferred orientation observed along the Al concentration gradient were at least, in part, caused by changes in chemical composition as well as by the formation of secondary phases. Annealing the close to stoichiometric MoAlB coating at 1200 • C for 30 min in ambient air resulted in the formation of α-Al 2 O 3 and rhombohedral Mo 2 B 5 phases ( Figure 1d ). The Al-rich coating is the only one where the MoAlB basal plane peak (020) at 12.7 • can be identified. In all other coatings the basal plane peak intensity is very low. The oxygen content of all as-deposited samples is ≤6 at.% and may originate from impurities within the target, residual gases in the process chamber [27] and subsequent oxidation due to atmosphere exposure [28] . The MoAlB coating synthesis temperature of 700 • C reported here, is 500 • C lower as the temperature utilized during reactive hot pressing of bulk MoAlB [15] . It is reasonable to assume that the significant decrease in synthesis temperature is enabled by surface diffusion during vapor-phase condensation similarly to Mo 2 BC [29] and Cr 2 AlC [30] .
HRTEM images of the close to stoichiometric coatings in Figure 2a provide interplanar spacing indicating the formation of MoAlB. No evidence for the formation of impurity phases was obtained. Two different grains were examined along [1] (Figure 2a ,b) and [10] (Figure 2c ). The lattice spacing of the (020) plane was 6.98 Å, corresponding to a b lattice vector of 13.96 ± 0.26 Å (see Table 2 ). From Figure 2c we deduced lattice parameters of a = 3.17 ± 0.16 Å and c = 3.12 ± 0.08 Å. The uncertainties were based on the standard deviation of 20 measurements. Both, the theoretically and the experimentally determined lattice parameters deviate by <1.6% with respect to each other and to previous reports (see Table 2 ). Considering the employed exchange-correlation functionals within DFT, a relative error of ≤2% has to be expected for lattice constants [31] . Hence, the here reported theoretical and experimental data are in excellent agreement with each other as well as with previous reports [2, 32] . STEM-EDX (Figure 3b,d) ) and STEM-EELS ( Figure 3f ) measurements were performed to qualitatively analyze the local elemental composition of the MoAlB coating with a close to stoichiometric integral composition. Darker regions in the HAADF STEM image depicting the as-deposited state may be caused by the local enrichment of light elements, such as oxygen, and/or by the presence of pores. The EELS data, averaged over the identical region as mapped by EDX, show the element-specific Al Figure 4 . The maps were subsequently used to calculate the areal fraction of the Al-rich and O-rich impurity phases and found to be on the order of 4% and 5% to 6%, respectively. STEM-EDX (Figure 3b Figure 4 . The maps were subsequently used to calculate the areal fraction of the Al-rich and O-rich impurity phases and found to be on the order of 4% and 5% to 6%, respectively. STEM-EDX (Figure 3b,d) ) and STEM-EELS (Figure 3f Figure 4 . The maps were subsequently used to calculate the areal fraction of the Al-rich and O-rich impurity phases and found to be on the order of 4% and 5% to 6%, respectively. STEM cross-sectional images of the close-to-stoichiometric MoAlB coating before and after oxidation are shown in Figure 5 . In the as-deposited state, the coating thickness is 1.86 ± 0.05 µm compared to a total coating thickness after annealing of 2.19 ± 0.14 µm consisting of coating and oxide scale. Pores with a diameter of up to 500 nm form in the oxidized coating. Pore formation during oxidation of bulk MoAlB was previously observed by Kota et al. [8] and Lu et al. [7] and was attributed to the evaporation of volatile MoO 3 and B 2 O 3 [7] . Oxide scale growth of 0.59 ± 0.12 µm in 30 min was observed for the MoAlB coating annealed at 1200 • for 30 min (Figure 4b,c ). According to Kota et al., the mass gain oxidation kinetics of bulk MoAlB at 1200 • C is closer to linear than to parabolic or cubic [8] . However, if the scale thickness is considered, the best fits to the measured data are given by cubic and parabolic kinetics with correlation coefficients of 0.972 and 0.967, respectively. For bulk MoAlB, a scale thickness at identical oxidation conditions of 1.42 ± 0.57 µm and 0.52 ± 0.21 µm can be calculated using the rate constants reported by Kota et al. [8] of 1.60 × 10 −21 m 3 s −1 and 1.49 × 10 −16 m 2 s −1 for cubic and parabolic kinetics, respectively. It has to be kept in mind that these thickness values are computed from kinetics data for which the shortest oxidation time was 5 h. The thickness error given above was estimated assuming the same relative uncertainty than reported for the 5 h oxidation data, namely ± 40%. Recently, Lu et al. [7] investigated the oxidation of bulk MoAlB at 1200 • C for up to 10 h and reported thickness measurements of the oxide scale in 2 h intervals. They reported parabolic scale thickening kinetics. In addition, from these investigations, we have extrapolated the scale thickness to be expected at 30 min oxidation time and obtained 0.6 ± 0.05 µm which is in excellent agreement with the here measured scale thickness formed on the MoAlB coating, see Figure 6 . As no rate constant was reported by Lu et al., the data reported in Figure 1 of reference [5] was utilized for the aforementioned extrapolation. Similarly to the extrapolation discussed above also here, it has to be kept in mind that the thickness value was extrapolated from thickness data for which the shortest oxidation time was 2 h and that the thickness error given is estimated assuming the same relative uncertainty than reported for the 2 h oxidation namely ± 8%. In Figure 6 the here measured data are compared with extrapolated literature data of the oxide scale growth of bulk MoAlB [7, 8] , and it is evident that the MoAlB coating (black) exhibits similar oxidation behavior as bulk MoAlB.
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STEM cross-sectional images of the close-to-stoichiometric MoAlB coating before and after oxidation are shown in Figure 5 . In the as-deposited state, the coating thickness is 1.86 ± 0.05 μm compared to a total coating thickness after annealing of 2.19 ± 0.14 μm consisting of coating and oxide scale. Pores with a diameter of up to 500 nm form in the oxidized coating. Pore formation during oxidation of bulk MoAlB was previously observed by Kota et al. [8] and Lu et al. [7] and was attributed to the evaporation of volatile MoO3 and B2O3 [7] . Oxide scale growth of 0.59 ± 0.12 μm in 30 min was observed for the MoAlB coating annealed at 1200° for 30 min (Figure4b,c) . According to Kota et al., the mass gain oxidation kinetics of bulk MoAlB at 1200 °C is closer to linear than to parabolic or cubic [8] . However, if the scale thickness is considered, the best fits to the measured data are given by cubic and parabolic kinetics with correlation coefficients of 0.972 and 0.967, respectively. For bulk MoAlB, a scale thickness at identical oxidation conditions of 1.42 ± 0.57 μm and 0.52 ± 0.21 μm can be calculated using the rate constants reported by Kota et al. [8] of 1.60 × 10 −21 m 3 s −1 and 1.49 × 10 −16 m 2 s −1 for cubic and parabolic kinetics, respectively. It has to be kept in mind that these thickness values are computed from kinetics data for which the shortest oxidation time was 5 h. The thickness error given above was estimated assuming the same relative uncertainty than reported for the 5 h oxidation data, namely ± 40%. Recently, Lu et al. [7] investigated the oxidation of bulk MoAlB at 1200 °C for up to 10 h and reported thickness measurements of the oxide scale in 2 h intervals. They reported parabolic scale thickening kinetics. In addition, from these investigations, we have extrapolated the scale thickness to be expected at 30 min oxidation time and obtained 0.6 ± 0.05 μm which is in excellent agreement with the here measured scale thickness formed on the MoAlB coating, see Figure  6 . As no rate constant was reported by Lu et al., the data reported in Figure 1 of reference [5] was utilized for the aforementioned extrapolation. Similarly to the extrapolation discussed above also here, it has to be kept in mind that the thickness value was extrapolated from thickness data for which the shortest oxidation time was 2 h and that the thickness error given is estimated assuming the same relative uncertainty than reported for the 2 h oxidation namely ± 8%. In Figure 6 the here measured data are compared with extrapolated literature data of the oxide scale growth of bulk MoAlB [7, 8] , and it is evident that the MoAlB coating (black) exhibits similar oxidation behavior as bulk MoAlB. [9] and green triangle [10] while the bulk MoAlB data are plotted in red square [8] and orange inclined square [7] . For the oxidation behavior of bulk MoAlB, the reported power factors of n = 0.40 [8] and n = 0.49 [7] were utilized to compute the dashed lines for red square and orange inclined square, respectively. For the Ti2AlC data reported in references [9] and [10] , the power factors were calculated according to Equation (2) . The calculated power factors n are given.
As the similarity notion above is based on extrapolation rather than on direct comparison with oxide thickness data, the oxidation behavior of the MoAlB coating was also compared to that of alumina forming bulk Ti2AlC [9, 10] . This comparison is shown in Figure 6 . The power factor n for the Ti2AlC data from references [9] and [32] were calculated with Equation (2), where d is the oxide scale thickness, K the rate law constant, and t the oxidation time.
=
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The reported oxide scale thickness formed on bulk Ti2AlC when oxidized in dry air at 1200 °C for 30 min were 1.50 ± 0.30 μm [9] and 1.22 ± 0.05 μm [10] and are hence, at least twice as large as the here reported scale thickness on the MoAlB coating at identical oxidation temperature and duration. After 8 h at 1200 °C, the reported scale thicknesses on bulk Ti2AlC were with 3.63 ± 0.08 μm [10] and 4.56 ± 0.29 μm [9] also significantly larger as the reported bulk MoAlB scale thickness of 2.20 ± 0.18 μm [7] .
Hence, as the here reported MoAlB coating exhibited less than half of the oxide scale thickness as bulk Ti2AlC after 30 min oxidation at 1200 °C. This mirrored the oxidation behavior comparison between bulk MoAlB [7] and bulk Ti2AlC [9, 10] , where significantly larger oxide scale thicknesses were observed for Ti2AlC, see Figure 6 .
The theoretically determined Young's modulus of 359 GPa was well within the error margin of Young's modulus determined by nanoindentation of 349 ± 57 GPa. The scattering of experimental data of ± 16% is most likely caused by the surface roughness of Ra = 44 nm determined by laser optical microscopy. The relative error of elastic properties determined by DFT of ≤ 20% for the employed exchange-correlation functionals has to be expected. [31] Theoretically predicted and experimentally determined moduli of GDFT = 145 GPa, EDFT = 359 GPa, BDFT = 225 GPa, and Eexp = 349 ± 57 GPa from this work deviated by < 7% compared with moduli determined by resonant ultrasound spectroscopy of G = 151.2 GPa, E = 372.9 GPa, and B = 232.9 GPa at 300 K [33] , and hence, are in excellent agreement. The determined hardness value of 13 ± 3 GPa was comparable to reported hardness values of 10.3 ± Figure 6 . Comparison of oxide scale thickness formed at 1200 • C in air of the here investigated MoAlB coating with bulk MoAlB and bulk Ti 2 AlC. The bulk Ti 2 AlC data are plotted in dark teal left-hand triangle [9] and green triangle [10] while the bulk MoAlB data are plotted in red square [8] and orange inclined square [7] . For the oxidation behavior of bulk MoAlB, the reported power factors of n = 0.40 [8] and n = 0.49 [7] were utilized to compute the dashed lines for red square and orange inclined square, respectively. For the Ti 2 AlC data reported in references [9] and [10] , the power factors were calculated according to Equation (2) . The calculated power factors n are given.
As the similarity notion above is based on extrapolation rather than on direct comparison with oxide thickness data, the oxidation behavior of the MoAlB coating was also compared to that of alumina forming bulk Ti 2 AlC [9, 10] . This comparison is shown in Figure 6 . The power factor n for the Ti 2 AlC data from references [9] and [32] were calculated with Equation (2), where d is the oxide scale thickness, K the rate law constant, and t the oxidation time.
The reported oxide scale thickness formed on bulk Ti 2 AlC when oxidized in dry air at 1200 • C for 30 min were 1.50 ± 0.30 µm [9] and 1.22 ± 0.05 µm [10] and are hence, at least twice as large as the here reported scale thickness on the MoAlB coating at identical oxidation temperature and duration. After 8 h at 1200 • C, the reported scale thicknesses on bulk Ti 2 AlC were with 3.63 ± 0.08 µm [10] and 4.56 ± 0.29 µm [9] also significantly larger as the reported bulk MoAlB scale thickness of 2.20 ± 0.18 µm [7] .
Hence, as the here reported MoAlB coating exhibited less than half of the oxide scale thickness as bulk Ti 2 AlC after 30 min oxidation at 1200 • C. This mirrored the oxidation behavior comparison between bulk MoAlB [7] and bulk Ti 2 AlC [9, 10] , where significantly larger oxide scale thicknesses were observed for Ti 2 AlC, see Figure 6 .
The theoretically determined Young's modulus of 359 GPa was well within the error margin of Young's modulus determined by nanoindentation of 349 ± 57 GPa. The scattering of experimental data of ± 16% is most likely caused by the surface roughness of R a = 44 nm determined by laser optical microscopy. The relative error of elastic properties determined by DFT of ≤ 20% for the employed exchange-correlation functionals has to be expected [31] . Theoretically predicted and experimentally determined moduli of G DFT = 145 GPa, E DFT = 359 GPa, B DFT = 225 GPa, and E exp = 349 ± 57 GPa from this work deviated by < 7% compared with moduli determined by resonant ultrasound spectroscopy of G = 151.2 GPa, E = 372.9 GPa, and B = 232.9 GPa at 300 K [33] , and hence, are in excellent agreement. The determined hardness value of 13 ± 3 GPa was comparable to reported hardness values of 10.3 ± 0.2 GPa [2] and 11.4 to 13.6 GPa [34] determined for bulk MoAlB and single-crystal MoAlB, respectively. It is reasonable to assume that this hardness increase may be caused by orders of magnitude smaller grain sizes in coatings (typically <100 nm) compared to bulk materials (typically >1 µm). The calculated B/G ratio [35] and Cauchy pressure [36] of MoAlB predicted brittle behavior and were comparable to hard coatings, such as TiN and TiAlN, as shown in Table 3 . 
Conclusions
In this work X-ray phase pure, orthorhombic MoAlB coatings were grown at 700 • C. High-resolution transmission electron microscopy reveals an interplanar spacing which is in excellent agreement with the lattice parameter determined by X-ray diffraction and ab initio predictions as well as literature reports. In selected area electron diffraction and compositional area fraction analysis, additional, yet unidentified, Al-rich and O-rich minority phases were observed. MoAlB coatings exhibit similar oxidation behavior as bulk MoAlB as the oxide scale thickness formed on MoAlB coatings after oxidation at 1200 • C for 30 min was similar to the one extrapolated for bulk MoAlB. Furthermore, MoAlB coatings exhibited significantly lower oxidation kinetics than bulk Ti 2 AlC. Measured elastic properties of the as-deposited MoAlB coatings were in excellent agreement with ab initio predictions and literature values for bulk MoAlB. The calculated B/G ratio and Cauchy pressure were comparable to hard coatings, such as TiN and TiAlN. 
